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Summary. Numerous experiments have yielded
contradictory results on the harmful action of magnetic
fields on embryonic development. Pulsed magnetic
fields appear to be able to delay normal development of
embryos. In the present study, fertilized Gallus
domesticus eggs were exposed during incubation to
pulsed magnetic fields (harmonic signals of 10 µT for 1
second with silences of 0.5 seconds) of 50 or 100 Hz
frequency.
Embryos extracted at 45 h of exposure to fields of 50
Hz or 100 Hz frequency had significantly (p<0.05) fewer
somite pairs compared with controls of the same age. At
15 days of incubation, only embryos exposed to a 10 µT-
50 Hz field had a significantly (p<0.05) higher somatic
weight. At 21 days of incubation, a significantly lower
somatic weight (p<0.01) and development stage
(p<0.05) was found in embryos exposed to a 10 µT-100
Hz field than in controls, while a lower development
stage (p<0.05) alone was observed in those exposed to a
10 µT-50 Hz field. In addition, animals showed higher
expression of the neural marker NSE (neural specific
enolase) after 21 days of development as determined by
immunohistochemistry, with very low expression of
glycosaminoglycans identified by alcyan blue staining.
These results suggest that pulsed magnetic fields
may be able to hinder normal embryonic development in
vivo and to alter normal neural function, at least at the
intensities and frequencies analyzed in the present study. 
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Immunohistochemistry, Central nervous system
development
Introduction
Over the past 25 years, a substantial body of
literature has been devoted to the biological effects of
magnetic fields. Two types of experiments have largely
been carried out, those in which the animals are exposed
to constant magnetic fields and those in which pulsed
magnetic fields are used. While some researchers
reported their innocuousness or therapeutic utility, most
concluded that they are responsible for a series of
disorders that can often lead to an increase in neoplastic
processes. The constant use and abuse of electrical
energy has increased environmental magnetic
contamination to levels far beyond those naturally
experienced by humans. Although the importance of the
potentially harmful effects of magnetic fields has been
underplayed at an official level, concerns have been
mounting and an increasing number of experiments have
been performed around this issue. However, no
definitive conclusion can be drawn from the
contradictory results of epidemiological and
experimental research published to date. 
The therapeutic utility of low-frequency magnetic
fields is virtually restricted to their action in accelerating
fracture consolidation (Ottani et al., 1991; Fredericks et
al., 2000; Trock, 2000). However, most authors have
reported that magnetic fields of different intensity and
frequency can induce carcinogenesis (Loscher et al.,
1993; Rannug et al., 1993; Mevissen et al., 1996, 1998;
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Zhao et al., 1999; Saito et al., 2010), although some have
refuted their carcinogenic action (Harris et al., 1998; Mc.
Cann et al., 2000).
The biological effects of magnetic fields on
embryonic development have been experimentally
studied. In 1982, Delgado et al. exposed fertilized Gallus
domesticus eggs to low-frequency magnetic fields during
the first 48 h of incubation at intensities of 1.2 - 12 µT.
They found inhibited development of cerebral vesicles,
anterior intestine, vessels, and somites, and they reported
a significant reduction of glycosaminoglycans in the
brain of the animals that might be the cause of this
abnormal development (Ubeda et al., 1983). These
authors conclude that chick embryos are sensitive to
electromagnetic fields of extremely low frequency and
intensity, and hypothesize that alterations in extracellular
glycosaminoglycans could be a causal factor in the
observed malformations (Ubeda et al., 1983). Other
authors have also reported that magnetic fields of
different intensity and frequency produce some
enzymatic, neurochemical and even developmental
disorders in chicks (Grandolfo et al., 1991; Moses and
Martin, 1993; Rajendra et al., 2004; Saito et al., 2010).
Similar experiments in gestating rats and birds have
also shown significantly increased disorders in
newborns, including low body weight (Sienkiewicz et
al., 1994; Svendenstal et al., 1995; Graham et al., 2000),
immature cerebellum (Espinar et al., 1997), and the
altered production of enzymes involved in regulating
growth of cells and calcium balance, among others
(Holmberg, 1995).
Effects on embryonic development have also been
reported after other types of magnetic field exposure,
interposing silent periods (pulsed magnetic fields) and
using different types of low-frequency wave (sinusoidal,
square, rectangular, etc.). In 1986, Juutilainen and Saali
reported developmental disorders in chick embryos
exposed to pulsed magnetic fields with sinusoidal and
rectangular waves at 100 Hz frequency. On the other
hand, Coulton and Barrer (1991) found no
developmental disorder after exposing embryos from
day 4 of incubation to 1 or 2 µT pulsed magnetic fields
in 5 ms series every 15 h for 100 h. Nevertheless, in
1994, Ubeda et al. concluded from chick embryo
experiments that pulsed magnetic fields can produce an
increase in embryonic development anomalies. 
In addition, teratologic disorders have also been
produced in mice and rats by magnetic fields. Thus,
Frölen et al. (1993) reported a reduction in the body
weight and length of mouse fetuses exposed to pulsed
magnetic fields on day 7 of gestation. Likewise,
Huuskonen et al. (1993) observed a significant rise in
minor skeletal anomalies in fetuses of rats exposed to
low-frequency pulsed (15 µT) and non-pulsed magnetic
fields.
According to the above review, the most of the
authors found that pulsed or non-pulsed magnetic fields
can produce developmental anomalies that are detectable
in the embryo and newborn. The present study was
designed to explore the effects on different phases of
pulsed magnetic fields of the same intensity but different
frequencies on chick embryonic development and with a
silent time.
Materials and methods
Animals and groups of study
Fertilized eggs of Gallus domesticus (Leghorn HR7
variety) were incubated at 37.8°±0.4°C and relative
humidity of 49-60% in a model 65 Masalles incubator
equipped with forced ventilation and automatic voltage
(1 V/h). 
The chick embryo was chosen as a model because of
its self-sufficient development system, ruling out
maternal interference (such as in mammalian models)
and allowing a more specific analysis of any direct
teratogenic action of the magnetic fields under study.
The chick embryo model is also easy to monitor and
control throughout the development period.
Eggs in plastic trays were introduced into an
incubator sited between two Helmholtz coils placed in
parallel and 70 cm apart (each coil has a 70 cm radius of
action). This design ensured that all eggs were exposed
to a homogeneous magnetic field, confirmed by constant
testing of the homogeneity of the field throughout the
experiment.
A pulsed magnetic field of 50 or 100 Hz at an
intensity of 10 µT was generated by using a signal
generator (Good-Will, model GFG-8015G) and cyclic
timer (Omron, model H3de-F) to send pulsed current to
the coils. The presence of the magnetic field (1 sec
exposures) in the embryo cells was followed by an
absence of the field (silences of 0.5 sec) imitating more
closely the exposure to magnetic fields experienced in
daily life.
The experiment used 440 fertilized eggs randomly
assigned to one of the following groups:
Experiment 1. Group A: 123 eggs exposed to magnetic
fields of 10 µT and 50 Hz frequency. Group A-CTR: 98
eggs used as controls. These eggs were incubated in an
incubator that was identical to Group A but without any
magnetic field exposition.
Experiment 2. Group B: 121 eggs exposed to magnetic
fields of 10 µT intensity and 100 Hz frequency. Group
B-CTR: 98 eggs used as controls. These eggs were
incubated in an incubator that was identical to Group B
but without any magnetic field exposition
Morphological parameters 
In both experiments, a first extraction was made at
45 h of 20 treated and 24 control eggs, to study the
somitic development; at 15 days, 20 eggs were extracted
from each group to study the somatic weight and
development stage (third-toe length). In both
experiments eggs were randomly selected.
From day 15, half of the treated eggs in groups A
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and B were withdrawn from the magnetic fields and
placed in identical but unexposed incubators, whereas
the other half remained exposed until hatching.
A final sampling was conducted at 21 days of
incubation. In each group (A and B), 20 newly-hatched
chicks were extracted from eggs that had remained
exposed to the magnetic fields for 21 days, 20 from
those exposed for only the first 15 days of incubation,
and 20 from those that were never exposed.
Embryos extracted at 45 h were fixed with 1%
osmium tetroxide solution and observed with a
stereomicroscope for somite count and stage
determination. The stage of development was
determined by using the Hamburger-Hamilton scale. In
embryos extracted at 15 and 21 days, the somatic weight
was measured and expressed in grams per embry, and
the development stage was determined by third toe
length (expressed in milimeters) (Hamburger and
Hamilton, 1992).
Immunohistochemistry and histochemistry
In order to determine the protein expression of
Human Neuron-Specific Enolase (NSE) in the brains of
control and magnetic field-exposed chicken, standard
immunohistochemical procedures were carried out on
formaldehyde-fixed, paraffin-embedded tissue sections.
This antibody was used due to the cross-reactivity
previously found in chicken (Sánchez-Montesinos et al.,
1996). Briefly, paraffin was removed from the tissue
sections using xylene, and endogenous peroxidase was
quenched in 3% H2O2. Then, we used 0.01 M citratebuffer (PH 6.0) at 98 °C for 5 min for antigen retrieval.
Incubation with the primary anti-human NSE antibody
was performed for 12 h at 4°C using 1:400 dilutions.
Then, secondary biotin-conjugated anti-mouse antibody
was used at 1:500 dilution, and a horseradish
peroxidase-conjugated streptavidin solution was applied
for 40 min. Color was developed with a commercial
DAB kit (Vector Laboratories, Burlingame, CA) and
samples were then counterstained in Mayer’s
haematoxylin and mounted on coverslips for optical
evaluation. 
Finally, the NSE protein expression levels were
quantified in four different areas of the optic lobe of the
brain (optic lobe cortex, optic tectum, tectum-spinal area
and marginal area of the ventricle), using the map of the
chick brain previously described by Tienhoven and
Juhasz (1962). NSE quantification was carried out in all
groups (A, A-CTR, B and B-CTR) corresponding to
exposed (10 µT and 50 and 100 Hz) and non-exposed
animals (controls) at day 21 and animals exposed for 15
days and allowed to hatch without exposition until day
21. For the protein expression quantification, image
analysis software (NIS-Elements AR3.0 program) was
used at the automatic mode, and the mean pixel intensity
-expressed as NIS-Elements intensity units (I.U.)- was
quantified at each region of interest. 
Histochemistry for detection of glycosaminoglycans
in the optic lobe of the brain analyzed here was carried
out using alcian blue staining at pH 2.5. Counterstaining
was performed with haematoxylin. Glycosaminoglycans
were analyzed in exposed and non-exposed animals at
day 21 and animals exposed for 15 days and allowed to
hatch without exposition until day 21.
Statistical analysis
To compare the different variables analyzed in this
work between control groups and chicks subjected to
magnetic fields (number of somites, body weight,
development stage and NSE protein expression), the
non-parametric U test of Mann-Whitney was used. All
comparisons were done double-tailed and a p value
below 0.05 was considered as statistically significant.
These tests were carried out using the SPSS 15.0
program.
To determine the effect-sizes of the different
variables considered in this work (mainly, the frequency
of the magnetic field and the time of administration) we
used a two-way analysis of variance. 
Results
Morphological analysis of embryos exposed to magnetic
fields
In the embryos extracted at 45 h, the number of
somite pairs and the development stage were
significantly lower (p<0.05) in the exposed embryos
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Table 1. Determination of the number of somites and stage of each embryo after 45 hours of incubation uppon pulsed magnetic field (harmonic signals
of 10 µT for 1 second with silences of 0.5 seconds of 50 or 100 Hz frequency).
Number of somites per embryo (mean± SD) Development stage of each embryo (mean± SD)
Group A-CTR (controls) 16.60±2.55 p<0.05 11.80±0.91 p<0.05
Group A (10 µT-50 Hz) 13.21±3.53 10.64±1.27
Group B-CTR (controls) 18.64±3.32 p<0.05 12.57±1.15 p<0.05
Group B (10 µT-100 Hz) 15.64±3.67 11.50±1.34
Stage was determined from the number of somites according to Hamburger and Hamilton, 1992. P values correspond to the statistical comparison of
each experimental group (A and B) versus its control group (A-CTR and B-CTR) using the Mann-Whitney U test.
(Groups A and B) than in the respective controls from
both groups (Groups A-CTR and B-CTR) (Fig. 1, Table
1).
After 15 days of incubation (Table 2), exposed
embryos from both Groups A and B showed higher
somatic weight and development stage as compared to
their controls (Groups A-CTR and B-CTR), although
significance was only reached for the comparison of
Group A (10 µT-50 Hz field) versus Group A-CTR
(controls).
At 21 days (hatching period), chicks exposed to
magnetic fields throughout development (Table 2) (10
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Fig. 1. Development stage of embryos exposed to pulsed magnetic fields (harmonic signals of 10 µT for 1 second with silences of 0.5 seconds of 50 or
100 Hz frequency) (Groups A and B) and their controls (Groups A-CTR and B-CTR) after 45 h of incubation.
Table 2. Somatic weight (expressed in grams) and development stage after 15 and 21 days of incubation and after 21 days of incubation with
exposition to pulsed magnetic fields just for the first 15 days.
Somatic weight per embryo (mean±SD) (g) Development stage of each embryo (mean±SD) 
15 days of incubation
Group A-CTR (controls) 13.00±1.12 p<0.05 10.75±0.57 n.s.
Group A (10 µT-50 Hz) 13.82±1.04 11.01±0.74
Group B-CTR (controls) 14.35±2.85 n.s. 9.92±0.75 n.s.
Group B (10 µT-100 Hz) 15.59±2.10 10.06±0.77
21 days of incubation
Group A-CTR (controls) 43.55±4.99 n.s. 17.93±0.85 p<0.05
Group A (10 µT-50 Hz) 42.48±3.84 17.27±1.12
Group B-CTR (controls) 42.34±4.74 p<0.01 10.15±0.92 p<0.05
Group B (10µT-100 Hz) 37.90±3.93 9.53±0.93
21 days of incubation with exposition to magnetic fields for the first 15 days
Group A-CTR (controls) 43.55±4.99 n.s. 17.93±0.85 n.s.
Group A (10µT-50 Hz) 43.03±3.69 17.54±2.19
Group B-CTR (controls) 42.13±4.81 n.s. 10.09±0.98 n.s.
Group B (10µT-100 Hz) 39.93±4.16 9.91±0.64
The stage was determined by third toe length, and expressed as a numeric stage of the Hamburger-Hamilton scale (Hamburger and Hamilton, 1992). P
values correspond to the comparison of each experimental group (A and B) versus its control group (A-CTR and B-CTR) using the Mann-Whitney U
test. n.s.: not significant.
µT-50 Hz field, Group A) showed a non-significantly
lower somatic weight as compared to their controls
(Group A-CTR) and a significantly lower development
stage (p<0.05); those exposed throughout development
to a higher frequency (10 µT and 100 Hz, Group B)
showed a significantly lower somatic weight and
development stage compared with their controls (p<0.01
and p<0.05, respectively). Embryos incubated for 21
days but exposed to magnetic fields only for the first 15
days (Table 2) had a slightly but non-significantly lower
somatic weight and stage versus controls of the same
age.
NSE protein expression analysis of embryos exposed to
magnetic fields for 15 and 21 days
In the different brain areas analyzed, the NSE
immunoreactivity was significantly higher in the optic
lobe of the chicks exposed to different types of magnetic
fields in comparison to the unexposed controls (p<0.001
for all comparisons except for chicks exposed during
only the first 15 days of incubation to 10 µT, 50 Hz
fields, which showed non-significant differences in optic
lobe cortex) (Tables 3 and 4). Illustrative images of the
immunohistochemical analysis of control and magnetic
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Fig. 2. Neural specific enolase (NSE) protein expression analysis of the optic lobe of the brain of hatching chicks whose embryos were exposed to
pulsed magnetif fields (harmonic signals of 10 µT for 1 Second with silecens of 0.5 seconds of 50 or 100 Hzfrequency) for 15 and 21 days, as
determined by immonohistochemistry. 1. Group A-CTR; 2. Group exposed tgo 10 µT-50 Hz only the first q15 days of incubation; 3. Group A (10 µT-50
Hz); 4. Group B-CTR; 5. Group exposed to 10 µT-100 Hz only the first 15 days of incubation; 6. Group B (10 µT-100 Hz).
Table 3. Quantification of neural specific enolase (NSE) in different areas of the optic lobe of chicks exposed to in 10 µT-50 Hz pulsed magnetic fields
for 21 days (until hatching).
Optic lobe cortex Optic tectum Tectum-spinal area Marginal area of the ventricle
Group A-CTR (controls) 193.00±9.51 p<0.001 198.72±4.90 p<0.001 199.71±5.08 p<0.001 198.19±6.69 p<0.001
Group A (10 µT-50 Hz) 195.19±9.37 199.87±6.18 200.93±5.86 199.46±7.71
Group A-CTR (controls) 193.00±9.51 n.s. 198.72±4.90 p<0.001 199.71±5.08 p<0.001 198.19±6.69 p<0.001
Group exposed to 10 µT-50 Hz only 193.11±9.20 199.76±4.86 201.31±4.84 199.46±7.71
the first 15 days of incubation
Values are expresed as correspond to mean pixel intensity expressed as NIS-Elements intensity units (I.U.).
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Table 4. Quantification of neural specific enolase (NSE) in different areas of the optic lobe of chicks exposed to 10 ÌT-100 Hz pulsed magnetic fields for
21 days (until hatching).
Optic lobe cortex Optic tectum Tectum-spinal area Marginal area of the ventricle
Group B-CTR (controls) 185.39±16.32 p<0.001 186.53±14.51 p<0.001 187.32±14.45 p<0.001 182.86±16.42 p<0.001
Group B (10 µT-100 Hz) 187.27±10.97 189.77±9.19 191.68±9.97 189.76±10.36
Group B-CTR (controls) 185.39±16.32 p<0.001 186.53±14.51 p<0.001 187.32±14.45 p<0.001 182.86±16.42 p<0.001
Group exposed to 10 µT-100 Hz 186.26±7.57 187.20±5.12 188.35±4.42 184.24±5.67
only the first 15 days of incubation
Values correspond to mean pixel intensity expressed as NIS-Elements intensity units (I.U.).
Fig. 3. Analysis of glycosaminoglycans in the optic lobe of the brain of hatching chicks whose embryos were exposedf to pulsed magnetif fields
(harmonic signals of 10 mT for 1 second with silences of 0.5 seconds of 50 or 100 Hz frequency) for 15 and 21 days (alcian blue staining). 1. Control
Group; 2. Group A (exposed to 10 µT-50 Hz); 3. Group exposed to 10 µT-50 Hz only the first 15 days of incubation; 4. Group B (exposed to 10 µT-100
Hz): 5. Group exposed to 10 µT-100 Hz only the first 15 days of incubation.
field-exposed examined brain areas are shown in Fig. 2.
In addition, the two-way analysis of variance revealed
that the frequency of the magnetic field used (0, 50 or
100 Hz) was statistically associated to the level of NSE
expression in all brain areas analyzed here (p<0.001 for
all areas). However, the influence of the time of
exposure was statistically significant for the optic lobe
cortex (p<0.05) but not for the other areas studied.
Analysis of glycosaminoglycans in embryos exposed to
magnetic fields for 15 and 21 days
Glycosaminoglycans in the optic lobe of controls
and animals exposed to different types of pulsed
magnetic fields for 15 and 21 days showed that the
expression of these mucopolysaccharides was reduced in
samples corresponding to animals exposed to magnetif
fields in comparison to the unexposed controls (Fig. 3).
Discussion
Low-frequency magnetic fields can induce
significantly more intense electric currents compared
with endogenous currents resulting from physiological
chemical reactions, thus inducing an electrical potential
that is superimposed on the resting membrane potential
of the cell. Any biological effects will depend on the
frequency, intensity, and direction of the magnetic field,
since these can determine the speed of the chemical
reactions (Harkins and Grissom, 1994).
Thus, magnetic fields may produce disruption of the
electrochemical balance of cells and therefore of its
function (Panagopoulos et al., 2002). The response of a
biological entity to magnetic field exposure will depend
upon the intrinsic properties of the entity, the
characteristics of the field, and the setting in which the
phenomenon occurs (Lin, 1994). The main action of
magnetic fields is thought to be exerted on the cell
membrane, especially the ion channels (Liburdy, 1992),
with calcium ion channels being the most affected.
Low-frequency magnetic fields (50–60 Hz) appear
to affect numerous biochemical processes (Tenforde,
1991), including protein synthesis, DNA, RNA,
hormone production changes, and modifications in cell
growth and differentiation.
In the present study, as in the numerous studies of
magnetic field exposure of chick embryos by our group
using pulsed or non-pulsed fields of similar frequency
and intensity (Roda-Moreno et al., 2003; Roda-Murillo
et al., 2005) no major embryonic malformations were
observed. This contrasts with reported observations in
chick and rat studies of agenesis of telencephalic
vesicles, severe somatic disorders, and digestive tube
anomalies, among others (Delgado et al., 1982;
Grandolfo et al., 1991) at 8-10 days of development
under exposure to electromagnetic fields.
However, changes in body weight and development
stage were observed in the present study, as found by
other researchers (Sienkievicz et al., 1994; Graham et
al., 2000). Rats exposed to electromagnetic fields during
the first few days of gestation also gave birth to lower-
weight newborns (Sandrey et al., 2002). 
The embryos in the present study that were exposed
to magnetic fields of the same intensity and different
frequencies showed somitic development disorders after
only 45 h of incubation, with fewer somite pairs and a
lower development stage compared with controls of the
same age. Interestingly, these results are in agreement
with previous reports from Ubeda et al. (1983) who
found that magnetic fields were able to induce several
disorders in chicks after 48 h of exposure, including a
thickness and disorganization of the neural tubes and a
slight retardation of somite development.. However, the
somatic weight and development stage were higher than
controls at 15 days of incubation, although the
differences were only significant (p<0.05) in the weight
of embryos exposed to 50 MHz fields. In embryos
exposed throughout development (21 days), the weight
and development stage were significantly lower than
controls at hatching, except for those exposed to 50 Hz
fields, in which the weight reduction was not statistically
significant. Therefore, the longest exposure (21 days)
produced the greatest harmful effects in the present
study, contradicting some reports that the effect of
magnetic fields is more aggressive during initial
development stages. The contradictory results of studies
on the action of magnetic fields on living beings may be
due to the large number of variables involved and
differences in the type of research carried out. At
hatching (21 days), somatic weight and development
stage were not affected in embryos solely exposed to
magnetic fields for the first 15 days in comparison to
control groups.
In addition, these animals showed higher expression
of the neural development marker NSE than the control
brains, although the differences were not significant for
the optic lobe cortex of the brain when 10 µT-50 Hz
were applied for 15 days. NSE is a superior biomarker
for coma and brain damage prognostication. The
enolases catalyze the interconversion of 2-
phosphoglycerate to phosphoenolpyruvate in the
glycolytic pathway, and NSE is the major form found in
mature neurons and in cells of neuronal origin. NSE may
be envisioned as a marker of neuronal damage because it
is a protein-based enzyme found primarily within
neurons, and its plasmatic levels rise following traumatic
brain injury and correlate with outcome in severe head
injury (Dauberschmidt et al., 1983; Skogseid et al.,
1992; Yamazaki et al., 1995). For that reason, NSE can
be used as a marker of cerebral damage in acute and
chronic brain pathology (Barone et al., 1993). In
agreement with these previous works, we have
demonstrated that NSE expression was increased in the
brain of the animals subjected to magnetic fields during
the first weeks of development. These results suggest
that a significant functional alteration could exist in
these brains as a consequence of the magnetic field
exposure, although it could also be possible that this
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alteration is the result of a developmental inhibition
caused by this exposure. In addition, in this work we
have been able to demonstrate that an increase of NSE
expression occurs in situ in the optic lobe of the exposed
chicks using immunohistochemical methods, whereas
most of the works which previously focused on the
relationship between NSE increase and brain damage
were carried out using NSE plasmatic levels
(Dauberschmidt et al., 1983; Yamazaki et al., 1992;
Skogseid et al., 1992). Interestingly, our analysis of
variance suggested that although both the frequency and
the time of exposure were associated to the expression of
NSE in the embryos, most of the variance could be
explained by the frequency of the magnetic field used (0,
50 or 100 Hz). This implies that the role of the frequency
could be more relevant than that of the time of exposure.
In addition, we have demonstrated that the brain
tissues of the chicks exposed to magnetic fields showed
a clear decrease of the expression of glycosamino-
glycans staining. It is known that acid glycosamino-
glycans are important components of the basal
membranes and the extracellular matrix of most of the
tissues (Ubeda et al., 1983), and play an important role
in the regulation of cellular proliferation (Glimelius and
Pintar, 1981), and organogenesis. Therefore, the
alteration of the synthesis of glycosaminoglycans that
we observed in the animals exposed to magnetic fields
could be correlated to the developmental and functional
alterations found by morphological and
immunohistochemical analysis. All these results are in
agreement with previous reports suggesting that the
expression of glycosaminiglycans is dramatically
reduced in brains subjected to magnetic fields (Ubeda et
al., 1983).
Although research findings to date do not
definitively demonstrate that magnetic fields pose a
public health problem, the possibility of negative effects
on health suggests that avoidance of this type of energy
may be advisable when feasible (Trosko, 2000).
Although the results of our work cannot be directly
extrapolated to humans, our results suggest that the
adverse effects of these types of magnetic fields should
be taken into account, especially during pregnancy. New
works should be carried out to determine the pernicious
effects of these fields from a clinical standpoint. 
Acknowledgements. The authors thank Maria del Carmen Gálvez for
technical assistance.
References
Barone F.C., Clark R.K., Price W.J., White R.F., Feuerstein G.Z., Storer
B.L. and Ohlstein E.H. (1993). Neuron-specific enolase increases in
cerebral and systemic circulation following focal ischemia. Brain
Res. 623, 77-82. 
Coulton L.A. and Barrer A.T. (1991). The effect of low-frequency pulsed
magnetic fields on chick embryonic growth. Phys. Med. Biol. 36,
369-381. 
Dauberschmidt R., Marangos P.J., Zinsmeyer J., Bender V., Klages G.
and Gross J. (1983). Severe head trauma and the changes of
concentration of neuron-specific enolase in plasma and in
cerebrospinal fluid. Clin. Chim. Acta. 131, 165-170. 
Delgado J.M., Leal J., Monteagudo J.L. and Gracia M.G. (1982).
Embryological changes induced by weak, extremely low frequency
electromagnetic fields. J. Anat. 134, 533-551. 
Espinar A., Piera V., Carmona A. and Guerrero J.M. (1997). Histological
changes during development of the cerebellum in the chick embryo
exposed to a static magnetic field. Bioelectromagnetics 18, 36-46. 
Fredericks D.C., Nepola J.V., Baker J.T., Abbott J. and Simon B. (2000).
Effects of pulsed electromagnetic fields on bone healing in rabbit
tibial osteotomy model. J. Orthop. Trauma. 14, 93-100. 
Frölen H., Svendenstal B.M. and Paulsson L.E. (1993). Effects of pulsed
magnetic f ields on the developing mouse embryo.
Bioelectromagnetics 14, 197-204. 
Glimelius B. and Pintar J.E. (1981). Analysis of developmentally
homogeneous neural crest cell population in vitro. IV. Cell
proliferation and synthesis of glycosaminoglycans. Cell
Differentiation 10, 173-182.
Graham J.H., Fletcher D., Tigue J. and McDonald M. (2000). Growth
and developmental stability of Drosophila melanogaster in low
frequency magnetic fields. Bioelectromagnetics 21, 465-472. 
Grandolfo M., Santini M.T., Vecchia P., Bonincontro A., Cametti C. and
Indovina P.L. (1991). Non-linear dependence of the dielectric
properties of chick embryo myoblast membranas exponed to a
sinusoidal 50 Hz magnetic field. Int. J. Radiat. Biol. 60, 877-890. 
Hamburger V. and Hamilton H.L. (1992). A series of normal stages in
the development of the chick embryo. Dev. Dyn. 195, 231-272. 
Harkins T.T. and Grissom C.B. (1994). Magnetic field effects on B12
ethanolamine ammonia lyase: evidence for a radical mechanism.
Science. 263, 958-960. 
Harris A.W., Basten A., Gebski V., Noonan D., Finnie J., Bath M.L.,
Bangay M.J. and Repacholi M.H. (1998). A test of lymphoma
induction by long-term exposure of E mu-Pim1 transgenic mice to 50
Hz magnetic fields. Radiat. Res. 149, 300-307. 
Holmberg B. (1995). Magnetic fields and cancer: animal and cellular
evidence –an overview. Environ. Health. Perspect. 103, 63-67. 
Huuskonen H., Juutilainen J. and Komulainen H. (1993). Effects of low
frequency magnetic f ields on fetal development in rats.
Bioelectromagnetics 14, 205-213. 
Juutilainen J. and Saali K. (1986). Development of chick embryos in 1
Hz to 100 kHz magnetic fields. Radiat. Environ. Biophys. 25, 135-
140.
Liburdy R.P. (1992). Biological interations of cellular systems with time-
varying magnetic fields. Ann. N. Y. Acad. of Sci. 31, 74-95. 
Lin J.C. (1994). Advances in electromagnetic fields in living systems.
Vol. 1. Plenum Publishing Corporation. New York. 
Loscher W., Mevissen M., Lehmacher W. and Stamm A. (1993). Tumor
promotion in a breast cancer model by exposure to a weak
alternating magnetic field. Cancer Lett. 71, 75-81. 
Mc Cann J., Kavet R. and Rafferty C.N. (2000). Assessing the potential
carcinogenic activity of magnetic fields using animal models.
Environ. Health Perspect. 108, 79-100. 
Mevissen M., Lerchl A., Szamel M. and Loscher W. (1996). Exposure of
DMBA-treated female rats in a 50 Hz, 50 microTesla magnetic field:
effects on mammary tumor growth, melatonin levels, and T
lymphocyte activation. Carcinogenesis 17, 903-910. 
Mevissen M., Haussler M., Lerchl A. and Loscher W. (1998).
880
Pulsed magnetic fields and brain development
Acceleration of mamary tumorigenesis by exposure of 7, 12
dimethylbenz(a)anthracene treated female rats in a 50 Hz, 100
microT magnetic field: replication study. J. Toxicol. Environ. Health.
53, 401-418. 
Moses G.C. and Martin A.H. (1993). Effect of magnetic fields on
membrane associated enzymes in chicken embryos, permanent or
transient? Biochem. Mol. Biol. Int. 29, 757-762. 
Ottani V., De Pasquale V., Govoni P., Castellani P.P., Ripani M., Gaudio
E. and Morocutti M. (1991). Augmentation of bone repair by pulsed
elf magnetic fields in rats. Anat. Anz. 172, 143-147. 
Panagopoulos D.J., Karabarbounis A. and Margaritis L.H. (2002).
Mechanism for action of electromagnetic fields on cells. Biochem.
Biophys. Res. Commun. 298, 95-102. 
Rajendra P., Sujatha H., Devendranath D., Gunasekaran B., Sashidhar
R., Subramanyam C. and Channakeshava. (2004). Biological effects
of power frequency magnetic fields: Neurochemical and toxicological
changes in developing chick embryos. Biomagn. Res. Technol. 2, 1.
Rannug A., Holmberg B., Ekstrom T. and Mild K.H. (1993). Rat liver foci
study on coexposure with 50 Hz magnetic fields and known
carcinogens. Bioelectromagnetics 14, 17-27. 
Roda-Moreno J.A., Roda-Murillo O., Morente-Chiquero J.A., López-
Soler M., Guirao-Piñeyro M., Arrebola-Nacle F., Casanova-Llivina
J.A. and Pascual-Morenilla M.T. (2003). Somatic alterations in chick
embryo exposed to low frequency magnetic fields. Electromagnetic
Biol. Med. 22, 55-61.
Roda-Murillo O., Roda-Moreno J.A., Pascual-Morenilla M.T., Guirao-
Piñeyro M., Arrebola-Nacle F., Morente-Chiquero J.A., Casanova-
Llivina J.A. and López-Soler M. (2005). Effects of low-frequency
magnetic fields on different parameters of embryo of Gallus
domesticus. Electromagnetic Biol. Med. 24, 55-62
Saito T., Nitta H., Kubo O., Yamamoto S., Yamaguchi N., Akiba S.,
Honda Y., Hagihara J., Isaka K., Ojima T., Nakamura Y., Mizoue T.,
Ito S., Eboshida A., Yamazaki S., Sokejima S., Kurokawa Y. and
Kabuto M. (2010). Power-frequency magnetic fields and childhood
brain tumors: a case-control study in Japan. J. Epidemiol. 20, 54-
61. 
Sánchez-Montesinos I., Mérida-Velasco J.A., Espín-Ferra J. and Scopsi
L. (1996). Development of the sympathoadrenal system in the chick
embryo: an immunocytochemical study with antibodies to pan-
neuroendocrine markers, catecholamine-synthesizing enzymes,
proprotein-processing enzymes, and neuropeptides. Anat Rec. 245,
94-101.
Sandrey M.A., Vesper D.N., Johnson M.T., Nindl G., Swez J.A.,
Chamberlain J. and Balcavage W.X. (2002). Effect of short duration
electromagnetic field exposures on rat mass. Bioelectromagnetics
23, 2-6. 
Sienkiewicz Z.J., Robbins L., Haylock R.G. and Saunders R.D. (1994).
Effects of prenatal exposure to 50 Hz magnetic f ields on
development in mice: II. Postnatal development and behavior.
Bioelectromagnetics 15, 363-375. 
Skogseid I.M., Nordby H.K., Urdal P., Paus E. and Lilleaas F. (1992).
Increased serum creatine kinase BB and neuron specific enolase
following head injury indicates brain damage. Acta Neurochir (Wien).
115, 106–111.
Svendenstal B.M. and Johanson K.J. (1995). Fetal loss in mice exposed
to magnetic fields during early pregnancy. Bioelectromagnetics. 16,
284-289. 
Tenforde T.S. (1991). ELF field interations at the animal, tissue and
cellular levels. Electromagnetic Biol. Med. 39, 225-245.
Tienhoven A. and Juhasz L. (1962). The chicken telencephalon,
diencephalon and mesencephalon in sterotaxic coordinates. J.
Comp. Neurol. 118, 185-197.
Trock D.H. (2000). Electromagnetic fields and magnets. Investigational
treatment for musculoskeletal disords. Rheum. Dis. Clin. North. Am.
26, 51-62. 
Trosko J.E. (2000). Human health consequences of environmentally
modulated gene expression: potencial rules of ELF-EMF induced
epigenetic versus mutagenic mechanism of disease.
Bioelectromagnetics 21, 402-406. 
Ubeda A., Leal J., Trillo M.A., Jimenez M.A. and Delgado J.M. (1983).
Pulse shape of magnetic fields influences chick embryogenesis. J.
Anat. 137, 513-536. 
Ubeda A., Trillo M.A., Chacon L., Blanco M.J. and Leal J. (1994). Chick
embryo development can be irreversible altered by early exposure
to weak extremely low frequency magnetic f ields.
Bioelectromagnetics 15, 385-398. 
Yamazaki Y., Yada K., Morii S., Kitahara T. and Ohwada T. (1995).
Diagnostic significance of serum neuron-specific enolase and myelin
basic protein assay in patients with acute head injury. Surg. Neurol.
43, 267–270. 
Zhao Y.L., Johnson P.G., Jahreis G.P. and Hui S.W. (1999). Increased
DNA synthesis in INIT/10T1/2 cells after exposure to a 60 Hz
magnetic field: a magnetic-field or a thermal effect? Radiat. Res.
151, 201-208.
Accepted January 21, 2011
881
Pulsed magnetic fields and brain development
